In this work, the performance analysis of a dualhop relay transmission system composed of asymmetric radiofrequency (RF)/free-space optical (FSO) links with pointing errors is presented. More specifically, we build on the system model presented in [1] to derive new exact closed-form expressions for the cumulative distribution function, probability density function, moment generating function, and moments of the end-to-end signal-to-noise ratio in terms of the Meijer's G function. We then capitalize on these results to offer new exact closed-form expressions for the higher-order amount of fading, average error rate for binary and M -ary modulation schemes, and the ergodic capacity, all in terms of Meijer's G functions. Our new analytical results were also verified via computer-based Monte-Carlo simulation results.
under various fading conditions [10] [11] [12] [13] . These independent studies consider symmetric channel conditions i.e. the links at the hops are similar in terms of the fading distributions though it is more practical to experience different/asymmetric link conditions at different hops i.e. each link may differ in the channel conditions from the other link [1] , [14] [15] [16] [17] . This is due to the fact that the signals on each hop are transmitted either via different communications systems or the signals might have to commute through physically different paths. For instance, as proposed in [1] , a relaying system based on both FSO as well as RF characteristics can be expected to be more adaptive and constitute an effective communication system in a real-life environment. Such a system has various features. Among them are, we can multiplex users to aggregate multiple users to achieve maximum possible capacity on the FSO link ultimately performing far better than the traditional RF-RF transmission system and besides avoiding any sort of interference(s) since RF and FSO operate on completely independent frequency bands. 1 However, the results presented in [1] were derived under the assumption of non-pointing errors in the FSO link but were limited to cumulative distribution function (CDF)/outage probability (OP). In this work, we build on the model presented in [1] to study the impact of pointing errors on the performance of asymmetric RF/FSO dal-hop transmission systems with fixed gain relays. For instance, we derive the CDF, probability density function (PDF), moment generating function (MGF), and moments of the end-to-end signal-to-noise ratio (SNR) of such systems. We then apply this statistical characterization of the SNR to derive closed-form expressions of the higherorder amount of fading (AF), average bit-error rate (BER) of binary modulation schemes, average symbol error rate (SER) of M -ary amplitude modulation (M-AM), M -ary phase shift keying (M-PSK) and M -ary quadrature amplitude modulation (M-QAM), and the ergodic capacity in terms of Meijer's G functions.
II. CHANNEL AND SYSTEM MODELS
We employ the same model as was employed in [1] and hence, the end-to-end SNR can be given as γ = γ1γ2 γ2+C , where γ 1 represents the SNR of the RF hop i.e. S-R link, γ 2 represents the SNR of the FSO hop i.e. R-D link, and C is a fixed relay gain [1] , [10] , [19] .
The RF link (i.e. S-R link) is assumed to follow Rayleigh fading whose SNR follows an exponential distribution, parameterized by the average SNR γ 1 of the S-R link, with a PDF given by f γ1 (γ 1 ) = 1/γ 1 exp(−γ 1 /γ 1 ) [19] . On the other hand, it is assumed that the FSO link (i.e. R-D link) experiences Gamma-Gamma fading with pointing error impairments whose SNR PDF is given under indirect modulation/direct detection (IM/DD) by [8, Eq. (12) ], [9, Eq. (20) ] that can be expressed in a simpler form by utilizing [20, Eq. (6.2.4) ], as
where γ 2 is the average SNR of the R-D link, α and β are the fading parameters related to the atmospheric turbulence conditions [3] [4] [5] with lower values of α and β indicating severe atmospheric turbulence conditions, ξ is the ratio between the equivalent beam radius at the receiver and the pointing error displacement standard deviation (jitter) at the receiver [8] , [9] , Γ(.) is the Gamma function as defined in [ 
where
. For the non-pointing errors case, when ξ → ∞, it can be easily shown that the CDF in (2) converges to
B. Probability Density Function
Differentiating (2) with respect to γ, using the product rule then utilizing [22, Eq. (07.34.20.0001.01)], we obtain after some algebraic manipulations the PDF in exact closed-form in terms of Meijer's G functions as
For the non-pointing errors case, when ξ → ∞, it can be easily shown that the PDF in (4) converges to
2 Detailed derivation is available in the technical report [18] for readers better and clear understanding.
C. Moment Generating Function
The MGF defined as M γ (s) E [e −γs ] can be expressed in terms of CDF as M γ (s) = s ∞ 0 e −γs F γ (γ)dγ. Using this equation by placing (2) into it and utilizing [21, Eq. (7.813.1)], we get after some manipulations the MGF of γ as
When ξ → ∞ (i.e. non-pointing error case), the MGF in (6) can be easily shown to converge to
D. Moments
The moments defined as E [γ n ] can be expressed in terms of the complementary CDF (CCDF) F c 
When ξ → ∞, the moments in (8) can be easily shown to converge to
IV. APPLICATIONS TO THE PERFORMANCE OF ASYMMETRIC RF/FSO RELAY TRANSMISSION SYSTEMS
A. Higher-Order Amount of Fading
The AF is an important measure for the performance of a wireless communication system as it can be utilized to parameterize the distribution of the SNR of the received signal. In particular, the n th -order AF for the instantaneous SNR γ is defined as AF [24] . Now, utilizing this equation by substituting (8) into it, we get the n th -order AF as
(10) For n = 2, as a special case, we get the classical AF [25] as
For the non-pointing errors case, when ξ → ∞, it can be easily shown that the n th -order AF in (10) converges to
(12) For n = 2, as a special case, we get the classical AF [25] , for non-pointing errors case, as 
where the parameters p and q account for different modulation schemes. For an extensive list of modulation schemes represented by these parameters, one may look into [26] or refer to Table I . For the non-pointing errors case, when ξ → ∞, the BER in (14) can be easily shown to converge to
2) Average SER: In [27] , the conditional SER has been presented in a desirable form and utilized to obtain the average SER of M-AM, M-PSK, and M-QAM. For example, for M-PSK the average SER P s over generalized fading channels is given by [27, Eq. 3 The analytical SER performance expressions obtained via the above substitutions are exact and can be easily estimated accurately by utilizing the Gauss-Chebyshev Quadrature (GCQ) formula [28, Eq. (25.4.39) ] that converges rapidly, requiring only few terms for an accurate result [11] .
C. Ergodic Capacity
The ergodic channel capacity C defined as C E [log 2 (1 + γ)] can be expressed in terms of the CCDF of 
in it and using the integral identity [26, Eq. (20) ], the ergodic capacity can be expressed in terms of the extended generalized bivariate Meijer's G function (EGBMGF) (see [26] and references therein) as C = A 1 γ 1 ln(2) G 1,0:1,1: 6,0
For the non-pointing errors case, when ξ → ∞, the ergodic capacity in (16) can be easily shown to converge to C = A 2 γ 1 ln(2) G 1,0:1,1: 5,0 1,0:1,1: 0,5
3 Detailed derivation results are available in the technical report [18] for readers better and clear understanding. The expression in (16) and (17) can be easily and efficiently evaluated by utilizing the MATHEMATICA® implementation of the EGBMGF given in [26, Table II ].
V. RESULTS AND DISCUSSION
The average BER performance of different digital binary modulation schemes are presented in Fig. 1 based on the values of p and q as presented in Table I . We can observe from Fig. 1 that the simulation results provide a perfect match to the analytical results obtained in this work.
It can be seen from Fig. 1 that, as expected, CBPSK outperforms NBFSK. Also, the effect of pointing error can be observed in Fig. 1 i.e. as the effect of pointing error (as the value of ξ increases, the effect of pointing error decreases) increases, the BER deteriorates and vice versa. It can be shown that as the atmospheric turbulence conditions get severe i.e. as the values of α and β start dropping, the BER starts deteriorating and vice versa. Similar results for any other binary modulations schemes and any other values of α's, β's, c's, and ξ's can be observed.
Similarly, in Fig. 2 , as the atmospheric turbulence conditions get severe, the ergodic capacity starts decreasing (i.e. the higher the values of α and β, the higher will be the ergodic capacity). Also, the effect of pointing error can be observed in Fig. 2 . Note that as the value of ξ increases (i.e. the effect of pointing error decreases) the ergodic capacity decreases.
VI. CONCLUDING REMARKS
We derived novel exact closed-form expressions for the CDF, the PDF, the MGF, and the moments of an asymmetric dual-hop relay transmission system composed of both RF and FSO environments with pointing errors. Further, we derived analytical expressions for various performance metrics including the higher-order AF, error rates, and the ergodic capacity in terms of Meijer's G function. In addition, this work presents simulation examples to validate and illustrate the mathematical formulation developed in this work and to show the effect of the atmospheric turbulence and pointing error conditions severity and unbalance on the system performance.
